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Abstract: Three new lead oxide benzoates have been prepared solvothermally. In two
polymorphs, 1 and 2, of Pb2O(C6H5COO)2, distorted Pb4O tetrahedra share edges to form helical
1
∞ [Pb2O] chains. Unprecedented among Pb4O-based structures, these motifs may be viewed as
double helices of lead atoms surrounding the central oxygen atoms. Both right- and left-handed
helices are included in each structure. Formation of the polymorphs was controlled through
variation in synthetic conditions. Polymorph 1 crystallizes in the achiral, polar space group Fdd2.
Polymorph 2, in P21, is a rare example of a kryptoracemate in which crystallographically
independent chains of both chiralities occur in the asymmetric unit. This second polymorph is
both chiral and polar, and the pseudosymmetric relationship between the helices has been
examined. In Pb4O(C6H5COO)6 (3), discrete Pb4O tetrahedra are bridged by benzoate ligands to
form a one-dimensional hybrid structure. The compounds have been further characterized via IR
spectroscopy, elemental analysis, and thermogravimetric analysis. Measurement of the secondharmonic generating activity of 1 and 2 corroborates the crystallographic findings of
noncentrosymmetry.
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Abstract:

Three new lead oxide benzoates have been prepared solvothermally. In two

polymorphs, 1 and 2, of Pb2O(C6H5COO)2, distorted Pb4O tetrahedra share edges to form helical
1
∞

[Pb2O] chains. Unprecedented among Pb4O-based structures, these motifs may be viewed as

double helices of lead atoms surrounding the central oxygen atoms. Both right- and left-handed
helices are included in each structure. Formation of the polymorphs was controlled through
variation in synthetic conditions. Polymorph 1 crystallizes in the achiral, polar space group
Fdd2. Polymorph 2, in P21, is a rare example of a kryptoracemate in which crystallographically
independent chains of both chiralities occur in the asymmetric unit. This second polymorph is
both chiral and polar, and the pseudosymmetric relationship between the helices has been
examined. In Pb4O(C6H5COO)6 (3), discrete Pb4O tetrahedra are bridged by benzoate ligands to
form a one-dimensional hybrid structure. The compounds have been further characterized via IR
spectroscopy, elemental analysis, and thermogravimetric analysis. Measurement of the second-

2

harmonic generation activity of 1 and 2 corroborates the crystallographic findings of
noncentrosymmetry.

Introduction
Several synthetic strategies have been used in pursuit of noncentrosymmetric (NCS) materials
with properties including ferroelectricity, second-harmonic generation, piezoelectricity, and
optical activity.1 Some approaches focus on the symmetry of metal centers, incorporating main
group metals with stereoactive lone pairs and transition metals that undergo second-order JahnTeller distortions.2-9 When these locally asymmetric building units are arranged in the solid state
so that they are related to one another only through non-inversion symmetry elements, a NCS
crystal structure results. Another method uses chiral components – frequently organic ligands or
templating cations – to influence formation of chiral or polar solid state structures.10,11 Recently,
racemic mixtures of chiral transition metal chelates have been assembled to form NCS
structures.12-14 Refinement of any of these design strategies requires examination of how the
symmetries and interactions of building units do or do not influence the crystal structures of new
materials that are synthesized.
Among NCS structural motifs, specific attention has been paid to the formation of helices, in
part because of their parallels to biological structures.15 Chiral and achiral organic ligands have
been used to link metal centers into extended single- and double-helices encompassing both
ligand and metal.10,16-18 Less commonly observed are inorganic helices as substructures in hybrid
materials or as building blocks in inorganic phases. Helices of this type are frequently complex,
involving multiple building units with relatively large length scales. For example, complex
right- and left-handed helices with pitches on the order of 20 Å have been assembled from
Keggin-type polyoxometallates and transition metal ions.19,20 Chiral metal borates and
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borophosphates have been prepared both with and without templating organic cations.21,22 By
contrast, the surprisingly simple double-helical structures that were recently predicted for
compounds in the Li-P phase space are more unusual.23
We report here three new lead oxide benzoate structures, two of which contain helical ∞1[Pb2O]
chains of edge-sharing distorted Pb4O tetrahedra.

These simple inorganic motifs are

unprecedented within Pb4O-based structures. In two polymorphs (1 and 2) of Pb2O(C6H5COO)2
the inorganic helices give rise to a NCS, achiral structure for 1 and symmetry that is both chiral
and NCS in 2. Compound 2 is a kryptoracemate – a structure in which motifs of opposite
chiralities appear as crystallographically unique features. Compound 3, Pb4O(C6H5COO)6, is a
centrosymmetric compound containing Pb4O tetrahedra linked into zig-zag chains by bridging
benzoate ligands. The discussion presented here examines the possible influences of stereoactive
6s2 lone pairs and ligand π-π interactions in 1 and 2 and suggests the importance of ligand
geometry in shaping of the new structures.

Experimental Section
General Information. PbO (Aldrich), benzoic acid (J.T. Baker), and absolute ethanol were
used as received. Lead benzoate hydrate was prepared by dissolving 2.89 g (20 mmol) of
sodium benzoate (Fisher) and 3.808 g (10 mmol) of lead acetate trihydrate (J.T. Baker) in 30 mL
of deionized water. After 30 minutes of stirring at room temperature, the precipitate was isolated
through centrifugation, washed with ethanol, and dried, without heating, in an Abderhalden
drying pistol. The solid’s identity was confirmed by powder X-ray diffraction before it was used
as a starting material in further reactions. Hydrothermal reactions were carried out in 23-mL
Teflon cups enclosed in stainless steel autoclaves (Parr).
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Instrumentation. Powder X-ray diffraction (PXRD) was carried out on a Rigaku Ultima IV
diffractometer with CuKα radiation. Infrared spectra were collected using a Thermo-Mattson
Satellite FT-IR spectrometer with a Specac Golden Gate Single Reflection ATR accessory.
Thirty-two scans were accumulated with a resolution of 8 cm-1. Thermogravimetric analysis was
conducted under flowing breathing-quality air (50 mL/min) using a Mettler-Toledo TGA/DSC 1
STARe System. Samples were heated in alumina crucibles from ambient temperature to 600 oC
at a rate of 10 oC/min. Elemental analysis was conducted by Micro Analysis, Inc., Wilmington,
DE.
Synthesis of 1. To prepare compound 1, PbO (0.447 g, 2 mmol) and benzoic acid (0.243 g, 2
mmol) were co-ground in an agate mortar and pestle and transferred to a reaction vessel.
Ethanol (8 mL) and deionized water (2 mL) were added, and the mixture was stirred. The vessel
was sealed in an autoclave, heated to 150 oC at 5 oC/min, and held at temperature for 24 hours.
The assembly was then cooled to room temperature at 0.1 oC/min. Needle-like single crystals
were removed from the mixture for diffraction experiments.

The remaining product mixture

was transferred to test tubes and spun down using a centrifuge. The supernatant was removed,
and the product was washed two times with absolute ethanol. The white solid was dried under
vacuum, without heating, in an Abderhalden drying pistol.

Phase purity was checked by

comparison of the PXRD pattern of the solid with that calculated from the single crystal structure
of 1 (Figure S1, Supporting Information). Yield 0.581 g (86.8%). Predicted (found) for
C14H10O5Pb2: C 25.0% (24.1%), H 1.5% (1.4%). IR (ATR, cm-1): 3059 (aromatic C-H stretch),
1590 (aromatic C-C stretch), 1502 (aromatic C-C stretch), 1370 (asym. COO stretch), 1171 (inplane C-H bend), 1068 (in-plane C-H bend), 1022 (in-plane C-H bend), 836 (COO bend), 714
(oop C-H bend), 671 (oop C-H bend).
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Synthesis of 2. Single crystals of compound 2 were obtained by adding PbO (0.451 g, 2
mmol) and lead benzoate hydrate (0.904 g, 2 mmol) to 10 mL of deionized water. The mixture
was sealed in an autoclave and heated at 150 oC for 24 hours. The oven was turned off, and the
autoclave was allowed to cool inside. The product mixture contained diffraction-quality single
crystals that were removed for structure determination. Phase-pure powder of 2 was prepared by
co-grinding PbO (0.444 g, 2 mmol) and benzoic acid (0.242 g, 2 mmol) in an agate mortar and
pestle, transferring the powder to a reaction vessel, and adding 10 drops of ethanol. The paste
was sealed in an autoclave and heated to 170 oC at 5 oC/min. The oven was held at temperature
for 48 hours and then cooled to room temperature at 0.5 oC/min. No further drying was required.
Phase purity was checked by comparison of the PXRD pattern of the solid with that calculated
from the single crystal structure of 2 (Figure S2). Yield 0.590 g (87.7%). Predicted (found) for
C14H10O5Pb2: C 25.0% (25.4%), H 1.5% (1.2%). IR (ATR, cm-1): 3062 (aromatic C-H stretch),
1592 (aromatic C-C stretch), 1509 (aromatic C-C stretch), 1370 (asym. COO stretch), 1173 (inplane C-H bend), 1068 (in-plane C-H bend), 1024 (in-plane C-H bend), 844 (COO bend), 713
(oop C-H bend), 671 (oop C-H bend).
Synthesis of 3. Single crystals of compound 3 were obtained by combining PbO (0.445 g, 2
mmol) and benzoic acid (0.243 g, 2 mmol) in 10 mL of deionized water. The reaction vessel
was sealed and placed in a 150 oC oven. After 24 hours, the oven was turned off and allowed to
cool with the vessel inside. The product mixture contained diffraction-quality single crystals that
were removed for structure determination. To prepare phase-pure powder of 3, PbO (0.223 g, 1
mmol) and lead benzoate hydrate (1.348 g, 3 mmol) were co-ground in an agate mortar and
pestle, transferred to a beaker with 10 mL deionized water, and sonicated for 15 minutes. The
mixture was transferred to a Teflon reaction vessel, sealed in an autoclave and placed in a 150 oC
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oven. The oven was turned off after 24 hours and allowed to cool with the vessel inside. The
product mixture was transferred to test tubes and spun down using a centrifuge. The supernatant
was removed, and the product was washed two times with absolute ethanol.

The white solid

was dried under vacuum, without heating, in an Abderhalden drying pistol. Phase purity was
checked by comparison of the PXRD pattern of the solid with that calculated from the single
crystal structure of 3 (Figure S3). Yield 1.066 g (67.9%). Predicted (found) for C42H30O13Pb4: C
32.1% (31.0%), H 1.9% (1.6%). IR (ATR, cm-1): 3058 (aromatic C-H stretch), 1591 (aromatic
C-C stretch), 1512 (aromatic C-C stretch), 1369 (asym. COO stretch), 1172 (in-plane C-H bend),
1068 (in-plane C-H bend), 1021 (in-plane C-H bend), 838 (COO bend), 711 (oop C-H bend),
671 (oop C-H bend).
Measurement of Second Harmonic Generation. Second harmonic generation (SHG)
activities were measured for polycrystalline samples using a modified Kurtz-NLO system with a
1064 nm pulsed Nd:YAG laser.24

Light at the second-harmonic frequency, 532 nm, was

collected in reflection mode and detected with a photomultiplier tube equipped with a 532 nm
narrow-bandpass filter. The intensity of 532 nm light was compared with that generated by a
standard sample of polycrystalline α-SiO2.
Crystal Structure Determination. Single crystal X-ray diffraction at 293 K for 1 and at 100
K for 3 was performed on a Bruker AXS SMART APEX CCD system using MoKa laboratory
radiation. Diffraction data at 100 K for 2 were collected at Beamline 11.3.1 at the Advanced
Light Source (Lawrence Berkeley National Laboratory) using synchrotron radiation tuned to λ =
0.7749 Å. A D8 goniostat equipped with a Bruker APEXII CCD detector was employed. For
each dataset, data integration and unit cell determination were performed using SAINT.25
Absorption corrections were performed using SADABS.26 The structures were solved using
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direct methods and refined by full-matrix least-squares on Fo2 using SHELXL.27 All nonhydrogen atoms were refined anisotropically. Refinement was completed with hydrogen atoms
constrained to ride on carrying atoms. Refinement data for the three compounds are summarized
in Table 1.
Table 1. Refinement Data for Compounds 1-3
data

1

2

3

empirical formula

C28H20O10Pb4

C56H40O20Pb8

C42H30O13Pb4

wavelength (Å)

0.71073

0.77490

0.71073

temperature (K)

293(2)

100(2)

100(2)

crystal system

orthorhombic

monoclinic

monoclinic

space group

Fdd2

P21

C2/c

a (Å)

31.9415(9)

10.7791(7)

13.263(3)

b (Å)

36.1537(10)

22.9541(16)

22.855(4)

c (Å)

10.8862(3)

24.1692(17)

13.483(4)

90.2120(10)

97.923(3)

β (degrees)
V (Å3)

12571.4(6)

5980.0(7)

4048.1(17)

Z

16

4

4

ρ (g·cm–3)

2.843

2.988

2.578

µ (mm–1)

21.415

22.510

16.652

θ range for data collection

2.055 o – 30.550°

2.452o – 34.352o

1.782 o – 31.151o

data / restraints / parameters

9542 / 237 / 502

36314 / 25 / 1514

6126 / 0 / 267

completeness

100.0 %

99.9 %

100.0 %

GOF on F2

1.014

1.004

1.051

R indices [I > 2σ(I)]a

R1 = 0.0378

R1 = 0.0374

R1 = 0.0261

wR2 = 0.0561
R1 = 0.0719

wR2 = 0.0827
R1 = 0.0400

wR2 = 0.0542
R1 = 0.0371

wR2 = 0.0841
-0.009(7)

wR2 = 0.0599

Flack parameter

wR2 = 0.0635
0.075(9)

Largest diff. peak and hole (e·Å–3)

1.115 and -1.009

2.976 and -1.837

1.017 and -1.476

R indices (all data)

a
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a

R1 = Σ⎜⎜Fo⎜ – ⎜Fc⎜⎜/Σ⎜Fo⎜ wR2 = [Σw(Fo2-Fc2)2/Σw(Fo2)2]1/2

Data collected at ambient temperature were used for the reported structure of 1 because the
structure underwent a phase change upon cooling, resulting in deteriorated crystal and data
quality. Datasets collected at 200 K and 100 K showed a monoclinic C2 unit cell with half the
volume of the room temperature orthorhombic cell. At reduced temperatures, the crystal was
twinned by the higher symmetry. At 100 K, the twinning was no longer pseudo-merohedral,
resulting in split diffraction spots at high angles. The splitting of the peaks was, however, too
slight to allow modeling of the structure as a non-merohedral twin with two domains. The room
temperature data collection resulted in large thermal ellipsoids and evidence of libration of the
structural components.

Cooling the crystal reduced this thermal motion yet led to poorer

statistics overall, and the room temperature structure was selected as of higher quality.
In the structure of 1, positional disorder of the benzoate rings was modeled by refining three
independent disorders involving distinct benzoate ligands in the asymmetric unit (Figure S4).
The fourth benzoate ligand in the asymmetric unit was refined without disorder. One area of
disorder involved carboxylate carbon and oxygen atoms (C15, O6 and O7), while the other two
areas involved ring carbon atoms (C9-C14 and C23-28). Restraints were applied to aid in the
modeling of the disordered ligands. Similarity restraints were applied to bond lengths and ADPs
within the benzene rings through SIMU and SAME commands of the SHELXL refinement
program. A FLAT command and a SIMU command were applied to the disordered carboxylate
group. Finally, a small number of constraints was used: C9A and C9B were constrained to the
same site with an EXYZ command, and EADP commands were used to link the ADPs of the
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pairs C9A, C9B and C23A, C23B. The choice of a noncentrosymmetric space group was
supported by a Flack parameter of 0.075(9).
The structure of 2 is metrically orthorhombic but monoclinic by symmetry, and it is twinned
by the metric pseudosymmetry. Refinement of the twinning ratio using the twin law 1 0 0, 0 -1
0, 0 0 -1 yielded a BASF value of 0.8406(3). The structure exhibits a pseudo-inversion center at
0, 0.4, 0.25, and a pseudo-c-glide plane at 0, 0.652, 0. Four atoms with ill-defined ADPs were
restrained to be approximately isotropic (C100, C55, O12, C67).

The choice of a

noncentrosymmetric space group was supported by a Flack parameter of -0.009(7).

Results and Discussion
Syntheses.

The syntheses of 1-3 were designed on the basis of our previous study on

crystallization of lead oxide carboxylate corrosion products.28 The ability of carboxylic acids to
dissolve PbO in aqueous solution is important in the corrosion of lead and lead-tin alloys, where
lead oxide carboxylates are deposited as initial products on the deteriorated surfaces.29-31 In the
present study, the target compounds were not known corrosion products but novel phases within
this family.
Single crystals for structure determination of 1-3 were prepared solvothermally. Synthesis of
bulk powder samples of the polymorphs 1 and 2 through variation of synthetic conditions was
confirmed by comparison of PXRD patterns with those calculated from the single crystal
structures (Figure 1). For 1, a solvothermal reaction between PbO and benzoic acid produced a
phase-pure product containing diffraction-quality single crystals. For 2, a hydrothermal reaction
between PbO and lead benzoate hydrate produced diffraction-quality single crystals, but the
product mixture included 1 as well. Pure polycrystalline 2 was synthesized from a slurry of PbO
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and benzoic acid in a minimum volume of ethanol. Reaction of PbO and benzoic acid with no
added solvent also yielded 2, though addition of the alcohol improved the crystallinity of the
product. We propose that at the reaction temperature of 170 oC, benzoic acid (m.p. 122 oC)32
served as both reactant and flux. A programmed cooling rate of 0.5oC/min was critical to
formation of the phase-pure product; more rapid cooling produced mixtures of 1 and 2. This
result suggests that 2 is the thermodynamically favored polymorph at ambient temperature but
that slow cooling is required for the equilibrium to be reached.

Figure 1. Comparison of calculated and experimental PXRD patterns illustrating the influence
of synthetic conditions on formation of polymorphs 1 and 2 from PbO and benzoic acid.
Single crystals of 3 were prepared via reaction of PbO and benzoic acid in a 1:1 ratio in water,
but the product mixture also included unreacted PbO that was visible as a red powder mixed with
the desired white product. Changing the reactant ratio to 2:3 to match the stoichiometry of 3 led
to formation of lead benzoate hydrate rather than the desired basic form. Selection of lead
benzoate hydrate itself as the benzoate source allowed synthesis of phase-pure 3 when reacted
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with PbO in a 3:1 ratio. We believe that the pH increase furnished by the basic form of the
ligand in turn influenced formation of the basic lead benzoate.
Extended Inorganic Hybrid Structures. The new structures join a small class of structurally
characterized lead oxide carboxylates.28,33 These compounds are distinct from the much more
extensive family of lead carboxylate coordination polymers in which Pb2+ ions are linked in one,
two, or three dimensions by organic ligands.34 Lead oxide carboxylates contain Pb4O tetrahedral
units that can share edges to form extended inorganic motifs that are further coordinated by the
carboxylate ligands. Using a scheme suggested by Cheetham and coworkers, such extended
inorganic hybrids can be classified as ImOn, with m denoting the inorganic dimensionality and n
the dimensionality of the metal-organic-metal linkages.35 Both 1 and 2 are I1O0 hybrids in which
Pb4O tetrahedra share edges to form one-dimensional infinite Pb2O chains (Figure 2a) that are
coordinated but not linked by the benzoate ligands (Figure 3). In compound 3, benzoate ligands
coordinate and bridge discrete Pb4O tetrahedra, forming one-dimensional zig-zag 1-D chains in
an I0O1 architecture (Figure 4). Putting the new structures into the context of the known lead
oxide carboxylates shows that the identity of the organic ligand influences the dimensionality
and degree of condensation of the inorganic motif as well as the dimensionality of the overall
structure. Pb2O(CHOO)2 is an I1O2 structure in which linear Pb2O chains are linked in two
dimensions by formate bridges.28 Lead oxide acetate hydrate and lead oxide maleate hydrate
display I1O1 and I1O2 architectures, respectively.28,33

Among structures without extended

inorganic connectivity, the structure of 3 can be compared to the I0O2 structure of
Pb4O(C8H4O4)3·H2O, in which 1,3-benzenedicarboxylate ligands link Pb4O6+ ions into 2-D
layers.36,37
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Figure 2. a) Chiral Pb2O chain made up of edge-sharing distorted Pb4O tetrahedra. b) Left- and
right-handed Pb2O double helices. Pb-Pb linkages emphasize the spatial arrangement of the Pb
atoms and don’t necessarily indicate chemical bonding.
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Figure 3. Unit cells of a) 1 and b) 2 showing brushlike coordination of the inorganic chains by
the benzoate ligands.

The inorganic chains run perpendicular to the page in each case.

Hydrogen atoms have been omitted for clarity.
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Figure 4. In compound 3, Pb4O6+ cations are bridged by benzoate ligands to form zig-zag onedimensional chains that propagate in the z-direction. Hydrogen atoms have been omitted for
clarity.
Helical ∞1[Pb2O] Chains. Edge-sharing of Pb4O tetrahedra in 1 and 2 leads to helical ∞1[Pb2O]
chains (Figure 2) with repeat units of four tetrahedra and pitches of 10.886 Å and 10.779 Å,
respectively.

The spatial arrangement of the Pb atoms may be viewed as double helices

surrounding the central oxygen atoms. To our knowledge, the helix is not a topology that has
previously been observed in hybrid or inorganic compounds based on Pb4O tetrahedra. Linear
Pb2O chains of trans edge-sharing Pb4O tetrahedra are found in Pb2O(CHOO)2.28 In addition,
this motif occurs in inorganic basic lead compounds in which Pb2+ is coordinated by oxide anions
as well as by one or more additional anions such as sulfate, vanadate, hydroxide, carbonate, or
chloride.38-40 Infinite Pb2O chains formed by the repeating pattern of three trans edge sharing
tetrahedra followed by one cis edge sharing arrangement have recently been observed in
Pb2(O4Pb8)(BO3)3Br3.41 In comparison with the Pb4O tetrahedra that form linear chains, those in
1 and 2 are of lower symmetry. In the oxide formate, for example, the Pb-O bond lengths within
the Pb4O tetrahedra are symmetrically equivalent, with two unique Pb-O-Pb angles at 102.4o and
113.2o.28

In 1 and 2, the four Pb-O lengths within each tetrahedron are unique. The Pb-O-Pb

angles in 1 range from 97.9-121.7o and the angles in 2 from 97.0-123.4o. Pb4O tetrahedra in the
Pb2O chains in Pb2[Pb2O](VO4)2 are slightly distorted, with four unique bond lengths, but
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adjacent tetrahedra are related through inversion centers, leading to higher-symmetry chains than
in the current structures.39
Taking a perspective beyond that of Pb4O-based structures, there are very few examples of
inorganic helices arising from edge-sharing of tetrahedra. The known instances include chiral
chains of edge-sharing, distorted MnO4 tetrahedra observed in several alkali metal
manganates.42,43 In these compounds, the tetrahedra are metal-centered, in contrast with the
oxygen-centered tetrahedra in 1 and 2. As indicated by Pauling’s third rule, edge-sharing is
unusual in general for tetrahedra because of the short separations that result between the likecharged atoms at the tetrahedral centers.44 This polyhedral pattern is more readily realized in
basic lead compounds because of the large Pb2+ diameter.
The Pb coordination environments in 1 and 2 were compared with those in previously
characterized lead oxide carboxylates through the bond valence sum model.45,46 Bond valence
sum analysis (Tables S1-3, Supporting Information) found values ranging from 1.98 to 1.99
valence units (v.u.) for the four unique lead sites in 1 and from 1.94 to 2.10 v.u. for the sixteen
sites in 2 in comparison with the ideal of 2.00 for Pb2+. By comparison, sums ranging from 1.94
to 2.05 v.u. were found for lead sites in Pb3O2(CH3COO)2·0.5H2O and Pb2O(CHOO)2.28 These
results indicate that the metal centers are not significantly over- or under-bonded in 1 and 2 in
spite of the distortion of the tetrahedra.
The role of the 6s2 lone pairs around Pb2+ centers was considered in examining the symmetry
of 1 and 2. In coordination compounds with stereoactive lone pairs, Pb2+ displays hemidirected
coordination in which metal-ligand bonds are directed toward only a portion of the coordination
sphere. In holodirected geometries, donor atoms are distributed evenly around the sphere.47 In
examining the bonding geometries in 1 and 2, the bonds considered were those used in the bond
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valence sum analysis. Consistent with a Cambridge Structural Database survey of Pb geometries
with O-donor ligands, these bonds included contacts up to 3.30 Å.34 Pb2+ sites in 1 and 2 have
coordination numbers between 6 and 8, a range in which both hemi- and holodirected bonding
has been observed.47 The four Pb sites in 1 and the sixteen unique sites in 2 are hemidirected
(Figures S7 and S8, SI). It is important to note that stereoactive lone pairs do not necessarily
lead to crystallographic noncentrosymmetry as the locally asymmetric metals can be arranged
around inversion centers. Hemidirected bonding was also seen in centrosymmetric 3 (Figure S9,
SI) and has previously been observed in other centrosymmetric lead oxide carboxylates and
inorganic basic lead compounds.28,48,49 Of most relevance to the current structures, the single Pb
site in linear Pb2O chains in Pb2O(CHOO)2 is hemidirected. The stereoactive lone pairs in 1 and
2 are not arranged around inversion centers, in contrast with those in the centrosymmetric
structures.
As the stoichiometry Pb2O2+ does not necessitate a chiral structure, the distortion of the chains
must arise from the influence of the benzoate ligands. Packing effects among the benzoate rings
may favor particular orientations of the ligands that in turn stabilize the distorted tetrahedra. π-π
stacking interactions were considered as possible contributors to the arrangement of the benzoate
rings.

In both polymorphs, examples were found of offset face-face configurations with

centroid-centroid separations of approximately 4.1 Å, within the range that has been considered
for π-π stacking in hybrid materials.50 However, the majority of the candidate interactions were
edge-face configurations with centroid-centroid separations above the typical cut-off of 5 Å.51
We concluded that π-π interactions are not a major influence on the structures of these
compounds and that geometric considerations must be dominant.
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Kryptoracemic Structure of 2. Compounds 1 and 2 crystallize in the NCS space groups
Fdd2 and P21, respectively. In each structure, both right- and left-handed helices are present.
The polymorphs differ in the arrangement of helices of opposite chiralities within the unit cells
(Figure 5). In 1, chains of like handedness are adjacent to one another in the [001] direction,
whereas 2 is characterized by more extensive alternation between right-and left-handed chains.

Figure 5. Arrangement of right- (red) and left-handed (purple) helices in the unit cells of a) 1
and b) 2.
The observation that 2 contains motifs of both chiralities was initially surprising. While the
Fdd2 space group of 1 includes glide planes that transform the single helix in the asymmetric
unit to helices of opposite chirality, the P21 space group of 2 has 21 screw axes as its only nontrivial symmetry elements.

In 2, the enantiomeric helices occur as crystallographically

independent moieties in the asymmetric unit. As such, the structure of 2 is an example of a
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kryptoracemate. This phenomenon is rare; in a survey of all non-metal-containing structures in
the Cambridge Structural Database, Fábián and Brock identified 181 examples of
kryptoracemates.52 While their study excluded metal-containing compounds, a small number of
recent reports feature racemic inorganic complexes that crystallize in chiral53 or achiral but
noncentrosymmetric space groups.12 The observation of a kryptoracemate demands examination
of pseudosymmetry of the enantiomers and questioning of whether higher symmetry has been
missed. The structure of 2 was examined using the structure overlay feature in Mercury (Figure
6).54 Superposition of the independent Pb2O chains after inversion of the left-handed chain
showed strong conformational similarity, with an r.m.s. deviation of 0.174 Å for atomic positions
in the inorganic core. There are more significant differences in the orientations of the
coordinating benzoate ligands. By comparison, Fábián and Brock’s survey found mean and
median r.m.s. deviations of 0.25 Å and 0.14 Å, respectively, for the organic kryptoracemates.
The right- and left-handed helices are not related through a true symmetry operation in P21,
though the inorganic cores are related through a pseudo-inversion center and a pseudo-c glide
plane. The symmetry of 2 is thus related to that of the achiral space group P21/c, where the
pseudo elements become real elements.

The positions of the organic ligands are notably

different in the overlay and break the symmetry. The solution of 2 in a noncentrosymmetric
space group was corroborated by measurement of second-harmonic generation (vide infra).
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Figure 6. Overlay of crystallographically independent helices in 2 showing the inorganic core
only (left) and both core and ligands (right). Right-handed helices are shown in red and inverted
left-handed helices in purple.
Thermal Stabilities. Thermogravimetric analysis (Figure 7) of 1-3 showed an unusual degree
of thermal stability among hybrid compounds. In air, 1 and 2 each decomposed through a major
mass loss step centered at 475 oC. In comparison, lead benzoate hydrate, Pb(C6H5COO)2·H2O,
undergoes dehydration below 100 oC and begins to lose ligands at approximately 275 oC.55 A
small impurity of this more thermally unstable phase is thought to be the source of the drop in
mass centered around 300 oC for 1. Residual masses for 1 and 2 were 67.2% and 67.0%,
respectively, compared with 66.4% predicted for decomposition to PbO. Compound 3 showed a
broad decomposition in the range of 300-500 oC. The residual mass for 3 was 57.8%, compared
with an expected 56.8%.

Figure 7. Thermogravimetric analysis traces for compounds 1-3 collected under flowing air.
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Second Harmonic Generation. The finding from the crystallographic studies that 1 and 2
occur in NCS space groups prompted characterization of their SHG activity.24 As described in
the Experimental Section, the samples were illuminated with 1064 nm laser light, and light at
532 nm was detected. In each case, the intensity of the generated frequency-doubled light was
comparable to that of the reference compound, α-quartz. Thus, while not suggesting that the lead
oxide benzoate materials are competitive for SHG applications, our measurements are important
in corroborating the crystallographic studies.
Conclusions
Synthesis of the lead oxide benzoates 1-3 approximately doubles the number of structurally
characterized lead oxide carboxylates. Members of this class of extended inorganic hybrid
compounds include inorganic substructures made up of oxygen-centered Pb4O tetrahedra,
making them a compelling landscape for discovery of inorganic motifs. In the new structures,
the benzoate ligands influence formation of helical ∞1[Pb2O] chains, demonstrating the variability
of the inorganic topology as a function of ligand identity. π-π stacking appears not to be a major
influence on packing in 1 and 2, suggesting that geometric considerations predominate. The
overall symmetries of 1 and 2 are notable in that they are noncentrosymmetric even though they
contain racemic mixtures of the helical chains. In 1, right- and left-handed helices are related
through glide planes but not inversion centers, and the symmetry is achiral but polar. In 2, the
enantiomeric chains are present as crystallographically unique moieties in the asymmetric unit,
making this polymorph a kryptoracemate. This is a special case of the broader category of
structures for which Z'= 2, which have been suggested to result from frustration among different
packing interactions and structural factors.56,57 Reactions with functionalized benzoate ligands
may further elucidate the factors involved in formation and packing of the chiral motifs.
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Three lead oxide benzoates have been prepared solvothermally.

Two noncentrosymmetric

polymorphs of Pb2O(C6H5COO)2 contain helical chains of edge-sharing Pb4O tetrahedra. One
polymorph is a kryptoracemate in which the asymmetric unit contains crystallographically
independent motifs of opposite chiralities. Pb4O(C6H5COO)6 is a centrosymmetric structure in
which benzoate ligands bridge Pb4O tetrahedra into one-dimensional chains.

The

noncentrosymmetric compounds are active for second-harmonic generation.
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